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Abstract
Beam expansion optical systems exhibit high sensitivity to temperature. To
mitigate temperature effects on the optical system, an automatic temperature
compensation mechanism was designed. This mechanism achieves mutual com-
pensation through differential thermal expansion coefficients between materials,
thereby ensuring mirror spacing stability. Variations in primary-secondary mir-
ror spacing were analyzed using ANSYS software for temperature increases from
20°C to 30°C, 40°C, and 50°C, followed by optical simulation of the modified
system using ZMAX software. Analysis results indicate that without the auto-
matic temperature compensation mechanism, primary-secondary mirror spacing
changes by 0.02722 mm, 0.05443 mm, and 0.08164 mm, respectively, and system
wavefront error Root Mean Square (RMS) degrades from 0.0013𝜆 to 1.3898𝜆,
2.7782𝜆, and 4.1656𝜆 (𝜆 = 632.8 nm), failing to meet optical imaging quality re-
quirements. With the automatic temperature compensation structure, spacing
changes are reduced to 0.00005 mm, 0.00009 mm, and 0.00014 mm, respectively,
and wavefront error RMS increases from 0.0013𝜆 to only 0.0026𝜆, 0.0046𝜆, and
0.0072𝜆, still satisfying optical imaging quality requirements. Therefore, this
automatic temperature compensation mechanism can effectively suppress the
influence of large temperature differences on beam expansion optical system
imaging quality.
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Abstract

Beam expanding optical systems exhibit high sensitivity to temperature varia-
tions. To mitigate thermal effects on optical performance, this paper presents
an automatic temperature compensation mechanism that leverages differential
thermal expansion coefficients among materials to maintain stable mirror spac-
ing. Finite element analysis using ANSYS was performed to evaluate primary-
secondary mirror separation changes as the system temperature increased from
20°C to 30°C, 40°C, and 50°C. Subsequent optical simulation analysis of the
thermally perturbed system was conducted using ZMAX software. The results
demonstrate that without automatic temperature compensation, the primary-
secondary mirror spacing changed by 0.02722 mm, 0.05443 mm, and 0.08164
mm, respectively, causing the system wavefront error RMS to degrade from
0.0013𝜆 to 1.3898𝜆, 2.7782𝜆, and 4.1656𝜆 (𝜆 = 632.8 nm), which fails to meet
optical imaging quality requirements. With the proposed compensation mech-
anism, the mirror spacing variations were reduced to 0.00005 mm, 0.00009
mm, and 0.00014 mm, respectively, and the RMS wavefront error increased
only marginally from 0.0013𝜆 to 0.0026𝜆, 0.0046𝜆, and 0.0072𝜆, remaining well
within imaging quality specifications. Therefore, the automatic temperature
compensation mechanism effectively suppresses the impact of large temperature
differentials on the imaging quality of beam expanding optical systems.
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Introduction

Beam expanding optical systems serve as critical components in laser commu-
nication and laser ranging applications, playing vital roles in astronomical ob-
servation, satellite communications, global positioning systems, and national
defense infrastructure. To meet the operational requirements of laser ranging
systems, reference [2] designed a 2–6× transmissive continuous zoom system,
while reference [3] developed an off-axis three-mirror system achieving optical
zoom through adjustment of the secondary and tertiary mirrors, with all reflec-
tive surfaces employing aspherical optics. As the deployment of beam expanding
systems expands, so do the demands for operational stability. However, large
temperature differentials significantly impact system stability because thermal
expansion and contraction are inherent properties of most materials. In envi-
ronments with substantial temperature variations, non-uniform thermal stresses
within components generate complex thermal strains, leading to thermal mis-
alignment of optical elements and degraded optical performance [4]. Positional
deviations of optical elements caused by support structure deformation [5] have
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long challenged researchers and engineering designers. Consequently, increasing
attention is being focused on improving temperature stability through structural
design innovations. In 2016, reference [6] implemented a motor control system
for temperature compensation, which effectively regulated the system tempera-
ture range but struggled to ensure temperature uniformity, thereby compromis-
ing imaging quality. In 2021, reference [7] designed a temperature compensation
mechanism for a low-temperature off-axis reflective collimation system that sig-
nificantly improved thermal stability; however, this approach relied solely on
the low expansion coefficient of Invar without incorporating a reverse temper-
ature compensation mechanism, resulting in still-substantial imaging quality
degradation.

During the development of a 200 mm aperture laser transmitting beam expander,
researchers observed that large temperature variations severely impacted system
image quality, preventing the system from meeting wavefront error requirements
and consequently degrading communication performance. To address this issue,
this paper proposes an automatic temperature compensation mechanism fea-
turing a reverse temperature compensation device. By exploiting differences in
thermal expansion coefficients and directional expansion characteristics among
various materials, and through theoretical calculations of appropriate mechani-
cal structure dimensions, the total variation in mirror spacing can be made to ap-
proach zero across a 30°C temperature range, thereby suppressing temperature-
induced effects on system image quality. Within a +30°C temperature variation
range, ANSYS software was used to analyze the effect of the automatic compen-
sation mechanism on primary-secondary mirror positioning, followed by ZMAX
optical simulation analysis of the thermally perturbed mirrors. The results con-
firm that the mechanism effectively reduces temperature-induced mirror spacing
variations and successfully mitigates thermal effects on beam expanding optical
system imaging quality.

1. Mechanism of Automatic Temperature Compensation for Beam
Expanding Systems

The beam expanding optical system specifications are: 200 mm aperture, 16×
expansion ratio, and on-axis wavefront RMS ≤ 𝜆/20 @ 632.8 nm after alignment.
The system employs a coaxial design without a real focal point; a 12.5 mm di-
ameter laser beam enters the secondary mirror and, after reflection from both
secondary and primary mirrors, emerges as a 200 mm diameter beam for trans-
mission, enabling laser transmission and reception when paired with a receiving
telescope.

[Figure 1: see original paper]
Fig. 1 16× beam expansion system diagram

Table 1 Mirror parameters
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The relative positioning among the primary mirror, secondary mirror, and win-
dow optics significantly affects imaging quality. To mount these components
while maintaining their positional relationships, the beam expander structural
design is configured as shown in Figure 2. The system comprises the lens tube
assembly, window optics assembly, secondary mirror assembly, primary mir-
ror assembly, rear housing assembly, and automatic temperature compensation
mechanism. The lens tube, fabricated from Q235 steel through welding, serves
as the main structural support for mounting other assemblies. The window op-
tics are installed in the window assembly, which connects to the lens tube. The
primary mirror is mounted in a primary mirror cell featuring a side support
mechanism that contacts the mirror through polytetrafluoroethylene (PTFE)
structures. By exploiting the different thermal expansion coefficients among
the steel mirror cell, the microcrystalline glass primary mirror, and the PTFE
side support, automatic temperature compensation is achieved, reducing ther-
mally induced mechanical stress on the primary mirror. The secondary mirror
is bonded to an Invar sub-cell and installed in the secondary mirror assembly,
which connects to the temperature compensation mechanism and is isolated
from the lens tube. A five-dimensional adjustment mechanism at the secondary
mirror position ensures proper optical alignment of the primary-secondary mir-
ror system.

[Figure 2: see original paper]
Fig. 2 Structure diagram of beam expanding system lens tube

[Figure 3: see original paper]
Fig. 3 Schematic diagram of temperature compensation mechanism for beam
expansion system

Given the substantial thermal sensitivity of the beam expanding optical system,
an Invar (grade 4J32) connecting mechanism is employed between the primary
and secondary mirrors, with an aluminum reverse temperature compensation
mechanism at the secondary mirror position, as illustrated in Figure 3. The key
structural components for temperature compensation include: Invar rod com-
ponent 1, secondary mirror steel structure 2, reverse compensation aluminum
component 3, Invar spacer component 4, and Invar secondary mirror cell com-
ponent 5. Invar rod component 1, made from low-expansion Invar material,
primarily minimizes temperature-induced mirror spacing variations. Secondary
mirror steel structure 2 mounts the secondary mirror and reverse compensation
aluminum component 3. Reverse compensation aluminum component 3, fabri-
cated from high thermal expansion coefficient aluminum, provides reverse tem-
perature compensation. Invar spacer component 4 reduces forward expansion,
while Invar secondary mirror cell component 5, also made from low-expansion
Invar material, mounts the secondary mirror and minimizes thermal effects.
Component materials and properties are listed in Table 2. With plane 6 estab-
lished as the thermal reference surface, temperature increases cause Invar rod
component 1, secondary mirror steel structure 2, and Invar spacer component
4 to expand in the +z direction, while reverse compensation aluminum compo-
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nent 3 and Invar secondary mirror cell component 5 expand in the -z direction.
By designing appropriate component lengths based on the different thermal
expansion coefficients and directional expansion characteristics, theoretical cal-
culations yield a total variation approaching zero, thereby achieving automatic
temperature compensation. This structure effectively suppresses temperature-
induced primary-secondary mirror spacing variations, ensuring optical system
imaging quality.

The thermal expansion formula for metallic materials is:

Δ𝐿 = 𝛼𝐿(𝑇2 − 𝑇1) (1)

where Δ𝐿 is the axial elongation (mm), 𝛼 is the linear thermal expansion coef-
ficient, 𝐿 is the material length (mm), 𝑇1 is the initial temperature (°C), and
𝑇2 is the operating temperature (°C).

The mirror spacing change Δ𝑍 is given by:

Δ𝑍 = 𝛼1𝐿1(𝑇2−𝑇1)+𝛼2𝐿2(𝑇2−𝑇1)+𝛼4𝐿4(𝑇2−𝑇1)−𝛼3𝐿3(𝑇2−𝑇1)−𝛼5𝐿5(𝑇2−𝑇1) (2)

where 𝛼1 is the Invar linear expansion coefficient; 𝛼2 is the steel linear expansion
coefficient; 𝛼3 is the steel linear expansion coefficient; 𝐿1 is the length of Invar
rod component 1; 𝐿2 is the length of secondary mirror steel structure 2; 𝐿3 is
the length of reverse compensation aluminum component 3; 𝐿4 is the length of
Invar spacer component 4; and 𝐿5 is the length of Invar secondary mirror cell
component 5.

2.1 System Parameter Configuration

The thermal expansion coefficients and lengths of each component are listed in
Table 2.

Table 2 Structural component parameters

2.2 System Temperature Analysis Results

Using 20°C as the reference temperature, ANSYS finite element analysis soft-
ware was employed to analyze the relative position changes between primary and
secondary mirrors at 30°C, 40°C, and 50°C. The optical axis was defined as the
z-direction, with the coordinate system reference shown in Figure 4. Relative
mirror positions were determined by calculating primary-secondary mirror offset
through least-squares fitting of mirror vertex coordinates. Since the automatic
temperature compensation mechanism is axisymmetric, temperature-induced

chinarxiv.org/items/chinaxiv-202212.00045 Machine Translation

https://chinarxiv.org/items/chinaxiv-202212.00045


position changes in the x- and y-directions are negligible and were therefore
ignored in the analysis. The study focused on relative vertex offset along the
z-axis, with these positional changes subsequently imported into ZMAX for op-
tical simulation to calculate wavefront error of the laser beam expander under
each temperature condition.

[Figure 4: see original paper]
Fig. 4 Reference map of mirror tube coordinate system

When the temperature increased to 30°C, 40°C, and 50°C, the primary-
secondary mirror position changes were analyzed for both configurations:
without and with the automatic temperature compensation mechanism, as
shown in Figures 5 and 6, respectively.

[Figure 5: see original paper]
Fig. 5 No automatic temperature compensation mechanism is designed

[Figure 6: see original paper]
Fig. 6 Design of automatic temperature compensation mechanism

[Figure 7: see original paper]
Fig. 7 Comparison diagram of mirror spacing change

The analysis reveals that at temperatures of 30°C, 40°C, and 50°C, the primary-
secondary mirror spacing changed by 0.02722 mm, 0.05443 mm, and 0.08164
mm, respectively, without compensation, but only by 0.00005 mm, 0.00009 mm,
and 0.00014 mm with the automatic temperature compensation mechanism.
As clearly shown in Figure 7, the mirror spacing variation with compensation
is substantially smaller than without compensation, demonstrating that the
mechanism effectively suppresses primary-secondary mirror spacing changes.

2.3 System Optical Quality Analysis Results

The theoretical design performance of the beam expanding optical system at
20°C is shown in Figure 8. Optical quality analysis of the primary-secondary
mirror system at elevated temperatures (30°C, 40°C, and 50°C) was performed
using ZMAX optical simulation software for both uncompensated and compen-
sated configurations, with results presented in Figures 9 and 10.

[Figure 8: see original paper]
Fig. 8 Wavefront diagram of 20°C system

[Figure 9: see original paper]
Fig. 9 System wavefront diagram (no compensation is designed)

[Figure 10: see original paper]
Fig. 10 System wavefront diagram (design compensation)
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[Figure 11: see original paper]
Fig. 11 RMS comparison diagram of system wavefront error

Comparative wavefront analysis shows that when system temperature increases
from 20°C to 30°C, 40°C, and 50°C without temperature compensation, the
on-axis wavefront RMS values are 1.3898𝜆, 2.7782𝜆, and 4.1656𝜆, respectively.
This large wavefront variation degrades output beam collimation and fails to
meet the system requirement of RMS ≤ 𝜆/20. With temperature compensa-
tion, the on-axis wavefront RMS values are 0.0026𝜆, 0.0046𝜆, and 0.0072𝜆, re-
spectively—differing from the 20°C performance by only 0.0059𝜆 at maximum,
thus satisfying the wavefront RMS specification and enabling high-quality beam
transmission.

When the beam expander temperature increases from 20°C to 30°C, 40°C, and
50°C, the uncompensated system exhibits primary-secondary mirror spacing
changes of 0.02722 mm, 0.05443 mm, and 0.08164 mm, with RMS wavefront
error degrading from 0.0013𝜆 to 1.3898𝜆, 2.7782𝜆, and 4.1656𝜆 (𝜆 = 632.8
nm), failing to meet optical imaging quality requirements. With the automatic
temperature compensation mechanism, mirror spacing changes are reduced to
0.00005 mm, 0.00009 mm, and 0.00014 mm, and RMS wavefront error increases
only to 0.0026𝜆, 0.0046𝜆, and 0.0072𝜆, respectively—still satisfying optical imag-
ing quality requirements. Therefore, the automatic temperature compensation
mechanism effectively suppresses the impact of large temperature differentials
on beam expanding optical system imaging quality, providing a valuable refer-
ence for future temperature compensation designs.
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